We demonstrate, both theoretically and experimentally, a pseudo-random, two-dimensional optical phased array (OPA) concept based on tandem injection locking of 64-element vertical cavity surface emitting laser (VCSEL) arrays. A low cavity-Q VCSEL design resulted in an injection locking optical power of less than 1 μW per VCSEL, providing large OPA scaling potential. Tandem injection locking of two VCSEL arrays resulted in measured controllable optical phase change of 0-1.6π. A high quality beam formed with suppressed grating lobes due to the pseudorandom array design was demonstrated with performance close to simulated results. A preliminary 2.2° x 1.2° beam steering example using the tandem arrays was also demonstrated.
Introduction
Electronically addressable optical phased arrays (OPA) with scalable output power and fast beam steering capability have been a long-sought-after technology for a myriad of applications such as scanning laser radar (LADAR) for 3D mapping and surveillance, freespace laser communication, target detection and designation, and missile countermeasures, to name a few. Unlike microwave and millimeter wave phased arrays, realization of OPAs is much more difficult due to the small inter-element spacing (on the order of λ) required for optical phased arrays, owing to the short wavelength of light.
Despite this difficulty, many approaches to demonstrate optical phased arrays have been attempted. The oldest optical beam steering approach is based on liquid crystal (LC) diffractive and refractive elements or arrays, which use the large refractive index change in LCs to obtain the required optical phase change [1] . This well-developed approach has the advantages of having a rather simple architecture and low power consumption. On the other hand, the beam steering speed is slow (~10 ms and 2 ms for diffractive and refractive LC devices, respectively) due to the mechanical motion of the LC molecules. Also, the diffraction efficiency degrades at larger steering angles.
Two-dimensional arrays of fiber-based optical amplifiers in standard master oscillatorpower amplifier (MOPA) architecture have also been developed for optical beam forming and control. The optical components for this approach are well developed in the near-IR band (0.8-1.6 μm), with as many as 48 fiber amplifiers in an array with a pitch of 250 μm coherently combined via individual all-fiber optical phase modulators [2] . However, it is difficult to scale up this phased array to large number of elements (>100), it has a low fillfactor, and the system is too bulky and expensive for many applications.
Yet another approach is the coherent combination of semiconductor lasers using optical phase-lock loops (OPLL). In this approach, phase modulation for each element of the array is controlled by a corresponding RF phase modulator and an optoelectronic phase lock-loop. Consequently, there is no need for optical phase modulators which results in some system simplification. However, unless the OPLL circuitry for each element is fully integrated (including the lasers and photodetectors) and arrayed with a small inter-element spacing, this approach is not amenable to large scaling. So far, only a 2-element array has been demonstrated [3] .
Some recent promising approaches include a two-dimensional array of microelectromechanical (MEMS) phase shifters, a nanophotonic-based 2-D phased array, and a linear array of semiconductor-based optical amplifier (SOA), phase modulators, and gratings. The MEM-based OPA consists of a two-dimensional array of broadband and high contrast grating (HCG) micromirrors with a piston-like motion for controllable phase modulation. One of the advantages of this approach is the use of a Si MEMS-compatible fabrication process which is amenable to large scaling. Also, the grating-based micromirrors have a low enough mass to enable microsecond-scale phase modulation. In this approach, however, the laser source is off-chip and is coupled to the MEMS phase shifting array via free-space optics which results in some optical loss. An 8x8 array with ± 1.28° beam steering has been demonstrated [4] .
The nanophotonic OPA is based on a two-dimensional array of Si photonic directional coupler splitters, thermo-optic phase modulators, and grating outcouplers [5] . This approach is highly compatible with standard CMOS processing, and is scalable to a very large number of 2D elements. Indeed, a 64x64 element static array has already been demonstrated. However, the architecture results in some optical loss in the phase modulators and grating structures, which reduces the overall OPA efficiency. Furthermore, the thermo-optic phase modulators limit the OPA steering speed (~1 ms), and consume additional power (~17 mW per element for 2π phase shift) in addition to that dissipated by the off-chip laser source .
The linear array of SOAs, phase modulators and gratings together with a master laser is a fully-integrated semiconductor based MOPA architecture. It is a scalable quasi-2D OPA approach since the beam steering in the direction parallel to the linear array is not controlled by phase modulation, but rather by tuning the wavelength of the master laser, which in turn results in a change in the outcoupling angle of the grating. This feature, indeed, is the main disadvantage of this approach which limits the steering angle of the device (<10°) due to the limited wavelength tuning range of the master laser. An 8-element linear array, using heterogeneously integrated InP-based master laser and SOAs, with Si based thermo-optic phase modulators has been demonstrated with ± 6° beam steering in the direction perpendicular to the linear array [6] . In this approach the thermo-optical modulators can be replaced with electro-optic or current injection/depletion semiconductor phase modulators for fast steering speeds (<1μs).
Finally, there has been a demonstration of a single injection-locked periodic VCSEL array, with a pitch of 250 μm, for coherent optical beam combing [7] . In this work, the output light of one VCSEL element on the edge of the array is extracted and collimated using appropriate optics to injection lock the remaining VCSELs. Furthermore, a microlens array is positioned on top of the VCSEL array in order to effectively increase the array fill-factor for improved beam combining efficiency. This VCSEL-based OPA architecture is not suitable for beam steering since the presence of the collimating microlens array results in a very narrow field-of-view (<0.25°) for each array element. Without the collimating microlens array, the large inter-element spacing of 250 μm for the periodic VCSEL array will result in a very inefficient OPA, with strong gating lobes in its field-of-view at different scan angles (very low power in the main lobe of the formed beam). Also, the maximum phase modulation available with a single level of injection locking is ≤π, hence precluding proper phased array operation for beam forming and steering.
In this paper, we introduce a novel two-dimensional pseudo-random optical phased array architecture based on the tandem injection locking of two 64-element VCSEL arrays arranged in a pseudo-random element placement. This approach is an electronically controlled 2D optical phased array with integrated sources in which the pseudo-random arrangement of the array elements eliminates the grating lobes that are present in the periodic arrays described above. We demonstrate beam forming and steering through the control of the optical phase of each emitting element via detuning of the VCSEL current in its injection locked state. This approach eliminates the need for external optical phase modulators, hence reducing the OPA complexity. Also, since there are no additional optical elements above the emitting VCSELs, the optical efficiency for this OPA approach is very high. Finally, the fast current-tuned modulation speed of the VCSELs enables ns-scale optical beam forming and steering.
Pseudo-random VCSEL array design and fabrication
Figure 1(a) shows the schematic of the novel 2D OPA architecture composed of 2 tandem injection-locked pseudo-random VCSEL arrays. A single master laser injection locks the first pseudo-random VCSEL array, which, in turn, locks a second identical array. As shown in Section 3 below, a small tuning of the VCSEL drive current in the injection-locked regime results in up to nearly π-radian optical phase change, while the VCSEL maintains its coherence with the optical injection source (master laser). Figure 1 (b) shows the layout of the 64-element pseudo-random 2D VCSEL arrays used in this work. Each VCSEL mesa has a diameter of 19 μm, with a 3 μm wide Au metal line connecting the VCSEL p-side contact to its corresponding pad on the chip periphery. The minimum spacing between VCSELs in this design is 30 μm, and the overall size of the array is constrained to an area of 300x300 μm 2 . Periodic phased arrays with element spacing larger than a half-wavelength (λ/2) could have strong far-field grating lobes at angles determined by Eq. (1) below [8] : 
where, θ 0 and θ gl are the steering and grating lobe angles, respectively, d is the array element spacing, and n is an integer. For example, in order to push the grating lobes beyond a maximum steering angle of ± 22.5° (total field-of-view of 45°), an inter-element spacing d≤1.3λ is required. For an operating wavelength of 1.1 μm, the element spacing d≤1.5 μm, which is difficult to obtain for OPAs. , and an element factor with 54° half-angle divergence. Also shown in Fig. 2(a) , is the simulated far-field pattern of a pseudo-random array (10 μm minimum element spacing) with about the same number of elements (8000), array dimensions, and elemental divergence angle. Pronounced grating lobes, 3° apart, are clearly visible in the far-field pattern of the periodic array, while they are eliminated in the pseudo-random array. Figure 2 (b) shows a close-up view around the central lobe, which is nearly identical for both the periodic and pseudorandom arrays. For the latter, the energy in the eliminated grating lobes is transferred to the noise-like side lobes, with peak levels 30 dB below the intensity of the central lobe for this large array. The VCSEL structure used here, which emitted at a nominal wavelength of 1064 nm, was based on a lower cavity-Q design in which the top and bottom distributed Bragg reflector (DBR) mirrors have lower reflectivities compared to conventional VCSEL designs in order to enable transmission of injection locking light from the master laser through its back mirror. The main fabrication steps of the VCSEL arrays, following the growth of the DBR mirrors and the quantum well layers on n-GaAs wafers, involved: (1) forming the p-type metal contact ring, (2) etching the VCSEL mesa, (3) depositing a passivation layer on the VCSEL array, (4) forming the metal interconnect lines from the p-contact ring to the contact pads on the chip periphery, (5) thinning the substrate (~100 μm), and (6) forming the n-metal contact on the substrate backside with open apertures (20 μm) that are aligned with each VCSEL for the transmission of the injection locking light. Figure 3 shows a scanning electron micrograph (SEM) of a typical 64-element pseudo-random VCSEL array following the completion of the processing steps, with a close-up view of one selected VCSEL element and the metal interconnect lines. 
Experimental results
One of the main features of this optical phased array approach is that the emitting VCSEL array is the top-most layer in the vertically stacked tandem injection locking scheme, as shown in Fig. 1(a) . Thus, this OPA approach has a much higher optical efficiency in comparison with waveguide-based phased arrays in which the waveguide splitting and propagation losses reduce the emitted optical power and OPA efficiency [6] .
To this end, we first evaluated the light-current-voltage (LIV) characteristics of the novel low cavity-Q VCSEL before the optical injection locking and beam forming experiments. Figure 4 shows the measured LIV for one such VCSEL, demonstrating single mode output power of up to 4 mW, with side-mode suppression ratio (SSR) of 35 dB at an emitting wavelength of 1064.4 nm. Also shown in Fig. 4(a) is the VCSEL backside emitting light level as a function of the drive current. We measured a ratio of 2.43 mW/0.52 mW for the forward/backward emitting light levels at a drive current of 5.25 mA, which is very close to the simulated ratio of 2.43 mW/0.57 mW, hence verifying the accuracy of our VCSEL simulation code. Figure 5 shows the schematic of the optical setup we used for the evaluation of the tandem injection locked VCSEL optical phased array. It consisted of a nominal 1064 nm distributed Bragg reflector (DBR) master laser whose output light was collimated into a 2 mm diameter (1/e 2 ) beam that illuminated the backside of the first 64-element pseudo-random VCSEL array. The 64 emitting beamlets of the first VCSEL array was 1:1 imaged onto the backside of the second identical VCSEL array for injection locking the VCSEL elements in this array. An optical isolator was placed in between the two arrays in order to prevent the backward emitting light from the second array to interfere with the injection locking of the first array. A small fraction (<10%) of the collimated master laser light was split from the main beam and used as a reference beam to form 64 near-field interference patterns with the output beamlets of the second VCSEL array, once both VCSEL arrays were locked to the master laser. The shifting of the fringes of these interference patterns, detected using a high resolution (1800x1200 element) CCD camera, was used to measure the relative phase change of each emitting VCSEL element as a function of the drive currents of the two corresponding injection locked VCSELs in the two arrays. The far-field pattern of the beam formed was recorded using a second CCD camera. An optical fiber mounted on a motorized 2-D translation stage (not shown in Fig. 5 ) was used to detect the wavelength of the emitting VCSELs using a high resolution (0.02 nm) optical spectrum analyzer. Fig. 5 . Schematic of the optical setup used for the evaluation of the tandem injection locked VCSEL-based optical phased array. A CCD camera was used for the detection of the near-field interference fringes for each set of injection locked VCSELs from which their relative optical phase was measured. Another CCD camera was used to record the far-field pattern of the formed optical beam. DBR-LD: distributed Bragg reflector laser diode, Col: fiber collimator, VA: variable attenuator, BS: beam splitter, Iso: optical isolator. Figure 6 shows the interference fringe patterns of 60 injection locked VCSELs in a 64-element pseudo-random array. The formation of the fringe pattern for each VCSEL is a confirmation that it has been injection locked to the master laser. Stable locking was achieved with optical power levels of < 0.5 μW injected into the 4 μm optical aperture of each VCSEL, which translates to a ratio of injection to emission power levels of <2x10 −4 . Although the maximum free-running wavelength spread of the VCSELs in this array was ~1.2 nm, we were able to injection lock all 60 working VCSELs by adjusting their drive currents in an iterative fashion. We measured a wavelength shift with drive current of ~1 nm/mA at a typical drive current range of 5-7 mA for the low cavity-Q VCSELs used in this work. Fig. 6 . Interference fringe patterns of 60 injection locked VCSELs in a 64-element pseudorandom array detected using a high resolution CCD camera.
Once the VCSELs were injection locked, they remained locked for tens of minutes even without any implementation of temperature control capability in the device package. This indicates the stability of the low cavity-Q VCSEL injection locking mechanism. Figure 7 (a) illustrates the measured phase change of an injection locked VCSEL switched from one extreme edge of the locking range to the other as a function of time. The VCSEL remained locked within the 33 minutes measurement time with a phase drift of <7%. ) shows the measured dependence of the injection locked VCSEL maximum phase change on the injection light power level, P inj , in which three distinct regimes are observed: (1) P inj <0.2 μW, where injection locking is not possible, (2) 0.2 μW <P inj <0.5 μW, is the stable locking region in which a maximum phase change of close to π-radians is achievable, and (3) P inj >0.5 μW, in which the VCSEL enters the dynamically unstable locking region where both the locking bandwidth and maximum available phase change within the locking bandwidth are reduced with increasing level of the injection light level [9] .
The locking half-bandwidth, Δf L, of an injection locked laser is given by [10] :
where, R is the effective reflectivity of the VCSEL cavity mirrors, τ rt is the photon round trip time in the laser cavity, α is the linewidth enhancement factor, and P inj and P 0 are the VCSEL injection and output power levels, respectively. Furthermore, 1 1
, where τ P is the photon lifetime, and
with f R and b R denoting the VCSEL front and back facet DBR mirror reflectivities [11] . For the low cavity-Q VCSEL structure used in this work, R = 0.9888, τ p ~3.7 ps, τ rt ~41.5 fs and α = 4.1 [10] . Thus for P inj = 0.5 μW and P 0 = 2.5 mW, the VCSEL locking bandwidth 2Δf L~5 .1 GHz. For the injection locked VCSELs used in this work, we have measured current excursions on the order of ~15-20 μA in the injection locking region, which coupled with the VCSEL current dependent wavelength tuning of Δλ/ΔI = 1 nm/mA, results in measured locking bandwidths of ~4.0-5.3 GHz at 1064 nm wavelength. This is in relatively good agreement with the computed locking bandwidth discussed above. With the current control (resolution) of 0.5 μA available in the VCSEL driver electronics used in this work, we were able to achieve >30 independent optical phase values (~5 bits) per element for our injection locked VCSEL-based optical phased array. Figure 8 shows the measured phase change of a pair of tandem injection locked VCSELs as a function of the scanned VCSEL drive current. In Fig. 8(a) , the phase change of the first VCSEL in the tandem injection locking arrangement, which is locked by the master laser, is shown for a linear sawtooth VCSEL drive current waveform. As the measurement shows, a controllable phase change with a maximum value of ~0.9π is demonstrated using the interferrometric phase measurement technique described above. The dashed horizontal lines in Fig. 8(a) show the two edges of the injection locking band in which the locked VCSEL is coherent with the master laser. Figure 8(b) shows the measured phase change of the output VCSEL in the tandem injection locking configuration in which the master laser locks the first VCSEL, whose emitted light in turn locks the second (output) VCSEL. For this measurement, two synchronized sawtooth drive current waveforms are applied to the two tandem injection locked VCSELs. The ramp current of the first VCSEL scans the phase of this locked VCSEL between the two edges of its locking band (~0.9π phase change), while the second locked VCSEL is at the leading edge of its locking band. At this point, the first VCSEL is maintained at the trailing edge of its locking band, while the drive current of the second VCSEL is linearly ramped to its trailing edge for an additional phase change of ~0.7π, resulting in a total phase change of ~1.6π for the tandem injection locking arrangement, as demonstrated in Fig.  8(b) .
In an ideal phased array, phase control of 0-2π for each element is required for optimum operation. However, a more limited phase control in the range of 0-1.5π results in very small degradation in the quality of the formed beam, or the misalignment of the beam pointing direction. Figure 9 shows the simulated far-field patterns of a 5° steered beam for a 64-element pseudo-random phased array with an ideal 0-2π phase control range compared with an identical array in which the phase control is limited to a range of 0-1.5π. In this simulation, the phase of the elements falling in the forbidden 0.5π zone for this generated beam is randomly folded back to the allowed optical phase range. This phase control limitation results in a loss of only 0.16 dB for the main lobe intensity, and a maximum side-lobe level change from −10.23 dB to −9.67 dB. Fig. 9 . Comparison of simulated far-field patterns of a beam steered at 5°for a 64-element pseudo-random phased array with an ideal 0-2π phase control compared to an identical one with a more limited 0-1.5π phase control. This phase control limitation results in only 0.16 dB loss of the main lobe intensity and 0.56 dB increase in side-lobe level Figure 10 (a) shows the measured far-field pattern of the pseudo-random optical phased array with a single beam formed using 50 injection-locked VCSELs. As expected, no significant grating lobes are present in the far-field pattern due to the randomness of the array architecture. However, a side-lobe pattern with a maximum level of −7.0 dB relative to the main beam intensity is present in the far-field image. The VCSELs were driven at an average drive current of 5 mA, resulting in a total emitted power of 125 mW (~2.5 mW per VCSEL), with 30 mW (24%) of this power in the formed beam. It should be noted that output power of the VCSELs in the locked state is the same as in their free-running configuration. The simulated one-dimensional (Intensity vs. elevation direction, θ) far-field pattern of this 50-element phase locked pseudo-random array is shown in Fig. 10(b) for 18 slices in the azimuthal φ-direction, with each cut separated by 10° for a total of 180° in the hemispherical space. The maximum simulated side-lobe level is −7.7 dB relative to the main lobe intensity for a phased array field-of-view of −5°≤ θ≤5°, in good agreement with the experimental result indicated above. The measured beamwidth was ~0.31°, which is very close to the theoretical beamwidth of 0.32° extracted from the simulated beam shown in Fig. 10(b) .
Finally, Fig. 11 shows an example of 2D electronic steering of a beam formed using 16 pairs of VCSELs in two tandem injection locked pseudo-random VCSEL array. In this demonstration, the main beam formed was steered by 2.2° and 1.2° in the vertical and horizontal directions, respectively, with the appropriate tuning of the drive current, and hence the optical phase of the tandem injection locked VCSELs within the injection locking band. The 16 VCSELs in this demonstration were also driven at an average drive current of ~2.5 mA, resulting in a total emitted power of 40 mW, with ~10 mW (24%) in the steered beam. 
Power scaling of the injection-locked VCSEL optical phased array
The 2-dimensional nature of the injection-locked VCSEL optical phased array approach described in this paper provides a convenient path for power scaling of the array via increasing the number of emitting VCSEL elements. To this end, we analyze here the power scaling efficiency of this OPA approach. Figure 12 shows the schematic of an ultimate vertically integrated optical phased array with two tandem injection-locked pseudo-random VCSEL arrays and a laser diode coupled to a grating outcoupler structure which provides a single collimated vertically emitting master laser light for injection locking. A microlens array is also integrated within the structure in order to increase the coupling efficiency between the master laser and the first injection-locked VCSEL array.
The power scaling capability of the vertically integrated VCSEL-based OPA is driven by the optical power level of the single mode master laser diode, LD P , and various optical coupling inefficiencies, which can be analytically expressed as:
where, el η is the number of scaled array elements, FF is the pseudo-random optical phased array and microlens array fill-factor, This modest level of the required master laser diode optical power is mainly due to the very low injection locking light level that results from using the low cavity-Q VCSELs in the 2-dimensional optical phased array. Both distributed Bragg reflector (DBR) and distributed feedback (DFB) laser diodes can readily provide >50 mW of single mode optical power [12] . Fig. 12 . Schematic of a vertically integrated optical phased array with tandem injection locked VCSEL arrays, a master laser diode coupled to a grating outcoupler providing the master injection light beam, and a microlens array for efficient coupling of the master laser beam to the first VCSEL array.
Conclusion
We developed and demonstrated a new optical phased array approach for beam forming and steering using tandem injection locking of 64-element pseudo-random VCSEL arrays with a low-cavity Q design. We demonstrated >1.5π phase control using the tandem injection locking approach without the use of an optical phase modulator array. The low-cavity Q VCSEL design resulted in stable optical injection locking over tens of minutes, without any temperature control, using a master laser transmitted through the backside DBR mirror of the VCSEL structure with optical injection power levels of <0.5 μW per VCSEL. We formed far-field beams with high stability and reproducibility using a pseudo-random array of 50 injection locked VCSELs with measured grating lobe suppression value of 7 dB and beamwidth of 0.3°, very close to the theoretical values. We also demonstrated an example 2.2°x1.2° 2D optical beam steering using 16 pairs of VCSELs in two tandem injection locked VCSEL arrays by controlling the optical phase of the injection locked VCSELs via their drive current tuning within the injection locked regime.
This optical phased array concept is highly scalable due to the 2D nature of the VCSEL array, and the very low optical injection power levels required per element. We projected that scaling to a 10,000 element array requires a master laser power level of ~50 mW, which is readily available via conventional DBR and DFB laser diodes. With 2.5 mW output power per VCSEL, a 10,000 element array will emit a total optical power of 25 W. Assuming a field-ofview of 4° (maximum steering angle of ± 2°), the estimated power in the formed beam is 6W (~24%) with an average element spacing of 30λ used in this phase array.
